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Abstract. The mass balance of the majority of Himalayan glaciers is currently negative, and has been for
10 several decades. Region wide averaging of mass change estimates has masked any catchment or glacier scale
variability in glacier recession, thus the role of a number of glaciological processes in glacier wastage remains
poorly understood. In this study, we quantify surface lowering and mass loss rates for the ablation areas of 32
glaciers in different catchments across the Everest region, and specifically examine the role of glacial lakes in
glacier mass change. We then assess how future ice loss is likely to differ depending on glacier hypsometry.
15 Spatially variable ice loss is observed within and between the Dudh Koshi and Tama Koshi catchments and
glaciers that flow onto the Tibetan Plateau. Surface lowering rates on glaciers flowing onto the Tibetan Plateau
are 54 % and 19 % greater than those flowing southward into the Dudh Koshi and Tama Koshi catchments,
respectively. Surface lowering rates of up to —-3.78 + 0.26 m a* occurred on some lacustrine terminating
glaciers, although glaciers with small lakes showed rates of lowering comparable with those that terminate on
20 land. We suggest that such a range reflects glacial lakes at different stages of development, and that rates of
mass loss are likely to increase as glacial lakes expand and deep water calving begins to occur. Hypsometric
data reveal a coincidence of the altitude of maximum surface lowering and the main glacier hypsometry in the
Dudh Koshi catchment, thus a large volume of ice is readily available for melt. Should predicted CMIP5 RCP
4.5 scenario warming (0.9-2.3 °C by 2100) occur in the study area, 19-30, 17-50 and 14-37 % increases in the
25 total glacierised area below the Equilibrium Line Altitude will occur in the Dudh Koshi and Tama Koshi
catchments, and on the Tibetan Plateau. Comparison of our data with a conceptual model of Himalayan glacier
shrinkage confirms the presence of three distinct process regimes, with all glaciers in our sample now in a state

of accelerating mass loss and meltwater storage.
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1. Introduction

The Himalaya holds the largest store of glacier ice outside of the polar ice sheets. Estimates of Himalayan ice
volume range from 2,300 km?® to 7,200 km? (Frey et al., 2014 and references within) distributed amongst more
than 54,000 glaciers (Bajracharya et al., 2015). The current mass balance of Himalayan glaciers is
predominantly negative, with accelerating mass loss having been observed over the past few decades (Bolch et
al., 2012; Thakuri et al., 2014). This mass loss is occurring because of a combination of processes. Shrestha et
al. (1999) show a rise in the mean annual air temperature of 0.057 °C/yr across the Himalaya between 1971 and
1994. Bollasina et al. (2011) show a reduction in total precipitation (—0.95 mm day™*) amounting to 9 to 11% of
total monsoon rainfall over a broad area of northern India between 1950 and 1999. Bhutiyana et al. (2010) show
both decreasing total precipitation and a changing precipitation phase, with a lower proportion of precipitation
falling as snow across the northwest Himalaya between 1996 and 2005. The snow cover season has been
shortening as a result (Pepin et al., 2015). Under different climate scenarios, ice melt from the region may

contribute 8.7-17.6 mm of sea level rise by 2100 (Huss and Hock, 2015).

Recent studies have identified spatial heterogeneity in mass loss across the Himalaya (Kéib et al., 2012;
Gardelle et al., 2013). Glaciers in the Spiti Lahaul, in the western Himalaya, are losing mass most quickly (Kaéb
et al., 2012), whilst glaciers in the Eastern Himalaya (Bhutan, Hengduan Shan) and central Himalaya appear to
be more stable (Gardelle et al., 2013). The anomalous balanced, or even slightly positive, glacier mass budget in
the Karakoram is well documented (Kapnick et al., 2015). Prolonged mass loss from Himalayan glaciers may
cause diminishing discharge of the largest river systems originating in the region (Immerzeel et al., 2010; Lutz

et al., 2014), thereby impacting on Asian water resources in the long-term.

Few previous studies have assessed the variability of glacier mass loss within catchments (Pellicciotti et al.,
2015). Nuimura et al. (2012) examined the altitudinal distribution of glacier surface elevation change in the
Khumbu region, Nepal, and found similar surface lowering rates over debris-free and debris-covered glacier
surfaces. Gardelle et al. (2013) detected enhanced thinning rates on lacustrine terminating glaciers in Bhutan,
West Nepal, and the Everest region, but did not make an explicit comparison with land-terminating glacier
recession rates. Benn et al. (2012) proposed a conceptual model of Himalayan glacier recession that included
important thresholds between regimes of ice dynamics and mass loss at different stages of lake development.

Benn et al. (2012) also suggested idealised mass balance curves and equilibrium line altitudes (ELAS) that
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represent each of these regimes and in turn indicate likely future ice loss given sustained climatic forcing. A
direct comparison of mass loss data and the model of Benn et al. (2012) is yet to be made, however, and it thus

remains untested.

In this work, we aim to quantify glacier surface lowering rates in three major catchments of the central
5 Himalaya and assess the glacier-scale variability of ice loss within and between catchments. We specifically
examine the rate of ablation area mass loss, hypsometry and total area change of each glacier and compare those
terminating in a glacial lake with those terminating on land. We use these data together with climatic data from
the region to define the major mechanisms driving ice mass loss, and to assess scenarios of likely future ice loss

from our sample of glaciers.
10 2. Study area

We studied glaciers in three catchments of the Everest region (Figure 1), spanning both Nepal and Tibet
(China). Two of the catchments, the Dudh Koshi and the Tama Koshi, are located in north-eastern Nepal and
drain the southern flank of the Himalaya. The third catchment is located to the north of the divide, and the
glaciers drain north into Tibet (China). Most glaciers in the studied catchments are characterised by long (10-15
15 km), low-slope angle, debris-covered tongues that are flanked by large (tens of metres high) moraine ridges
(Hambrey et al., 2008). Some glaciers have accumulation areas several kilometres wide, accumulation zones
that reach extreme altitudes (up to 8000 m in the case of the Khumbu), whereas others sit beneath mountain
massifs (e.g. Lhotse and the Lhotse face), are fed almost exclusively by avalanches and are less than 1 km in

width for their entire length.

20 Of the 278 glaciers in the Dudh Koshi catchment, the largest 40 are debris-covered and comprise 70 % of the
total glacierised area (482 km?- Bajracharya and Mool, 2009). Here, the total area of glacier surface covered by
debris has increased since the 1960s (Thakuri et al., 2014) and several previous studies have published surface
lowering data for the catchment indicating accelerating surface lowering rates over recent decades (e.g. Bolch et
al., 2011). We select nine of the largest glaciers for analysis given that they provide the greatest volume of

25 meltwater to downstream areas. There are a total of 80 glaciers in the Tama Koshi catchment covering a total
area of 110 km? (Bajracharya et al., 2015). We again selected the largest nine glaciers for analysis based on
relative contributions to river flow. This is a poorly studied catchment, perhaps best known for the existence of
Tsho Rolpa glacial lake, which underwent partial remediation during the 1990s (Reynolds, 1999). The fourteen

3
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glaciers within our sample that flow onto the Tibetan Plateau all contribute meltwater to the Pumqu river
catchment, which covers an area of 545 km? (Che et al., 2014). Debris cover is less prevalent on glaciers of the
Pumqu catchment, and terminus recession has caused a 21 % of glacier area loss since 1970 (Jin et al., 2005;
Che et al., 2014). There is relatively little information on glacier equilibrium line altitudes (ELASs) for any of
5 the studied catchments; those in the Dudh Koshi were estimated to be at around 5600 m a.s.l. in the early 2000s
(Asahi, 2001), and those in the Rongbuk catchment were estimated between 5800 and 6200 m a.s.l. for the

period 1974-2006 (Ye et al., 2015).

Gardelle et al. (2011) identified 583 supraglacial ponds and lakes in the Everest region. Some of the largest
glacial lakes in this region have been expanding in recent decades (Sakai et al., 2000; Che et al., 2014; Somos-
10  Valenzuela et al., 2014). This increased meltwater ponding at glacier termini has potential to affect ice dynamics
and down-valley meltwater and sediment fluxes (Carrivick and Tweed, 2013) as well as causing a hazard to
populations living downstream. Several of the lakes have burst through their moraine dams in previous decades
causing rapid and extensive flooding downstream; the best studied outburst floods are those from Nare glacier in

1977 (Buchroithner et al., 1982) and from Dig Tsho in 1985 (Vuichard and Zimmerman, 1987).
15 3. Data sources and methods

3.1 Data sources

3.1.1 Digital elevation models

Our reference elevation dataset across all three catchments is the Shuttle Radar Topographic Mission (hereafter
SRTM) version 3.0, non-void filled, 1 arc second digital elevation model (hereafter DEM). This dataset was
20  acquired in February 2000 and was released at 30 m resolution in late 2014 (USGS, 2016). SRTM employed
two SAR systems, a 5.6 cm C-band and a 3.1 cm X-band system, with the main objective of obtaining single-
pass interferometric SAR imagery to be used for DEM generation on a near global scale (56°S to 60° N- 80% of
the planet’s surface) with targeted horizontal and vertical accuracies of 16 m and 20 m, respectively. Farr et al.

(2007) report horizontal and vertical accuracies of better than 10 m for most regions globally.

25 Our 2014/2015 elevation dataset comprises a number of high resolution (8 m grid) DEMs generated Ohio State
University and distributed online by the Polar Geospatial Centre at the University of Minnesota that provide

coverage of an extended area around the Everest region (Table 2). These stereo-photogrammetric DEMs have

4
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been generated using a Surface Extraction with TIN-based Search-space Minimization (hereafter SETSM)
algorithm from Worldview 1, 2 and 3 imagery (Noh and Howat, 2015). The SETSM algorithm is designed to
automatically extract a stereo-photogrammetric DEM from image pairs using only the Rational Polynomial
Coefficients (RPCs) as geometric constraints. The geolocation accuracy of RPCs without ground control for
5 Worldview 1 and 2 data is 5 m (Noh and Howat, 2015) which may ultimately result in matching failure. The
SETSM algorithm updates RPCs to mitigate this error and produces DEMs with an accuracy of + 4 min X, Y
and Z directions (Noh and Howat, 2015). SETSM DEMs are gap-filled using a natural neighbour interpolation;
we removed these pixels before DEM differencing and the calculation of mass loss rates across the ablation

areas of individual glaciers.

10  Over two small areas of the Dudh Koshi (over the lower reaches of the Bhote Kosi and Melung glaciers) the
SETSM DEMs contained data gaps. To complete coverage of DEMs over these glaciers we generated ASTER
DEMs and used the surface to cover elevation bands across these glaciers where no data were available from the
SETSM grids. We used ERDAS Imagine (2013) to generate ASTER DEMs with ground control points (GCPs)
matched between features in the ASTER imagery and the high resolution imagery available in Google Earth.

15  We used a large number of GCPs (45) and tie points (> 75) to minimise the root mean squared (RMS) error of
GCP positions. All SETSM and ASTER DEMs were resampled to a 30 m resolution to match that of the SRTM

data before any differencing was carried out.
3.1.2 Glacier outlines

Glacier outlines were downloaded from the Global Land Ice Measurement from Space (GLIMS) Randolph
20  Glacier Inventory (RGI) Version 5.0 (Liu and Guo, 2014; Bajracharya et al., 2014; Racoviteanu and
Bajracharya, 2008) and modified to account for changes in glacier extent between our datasets. Adjustments
were made based on two Landsat scenes closely coinciding in acquisition with the DEM data. The 2000 Landsat
scene was acquired by the ETM+ sensor and thus has a single 15 m resolution panchromatic band and six 30 m
multispectral bands. The 2014 scene was acquired by the OLI sensor and also has a single 15 m panchromatic
25 band as well as eight 30 m multispectral bands. Both scenes were pan-sharpened to match the resolution of the
multispectral bands to that of the panchromatic band before glacier outlines were adjusted. Adjustments were
limited to correcting changes in glacier frontal position and changes along the lateral margins because of surface

lowering.
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3.2 Highlighted glaciers

The differencing of DEMs yielded data on glacier geometry change throughout the study area, and we highlight

32 of the largest glaciers (Figure 1) in this work. These glaciers vary in aspect and altitudinal range (Table 2).

We include 5 debris-free glaciers from the Tibetan Plateau and 28 valley glaciers that are all at least partially

5  covered by debris layers thought to be at least several decimetres thick (Rounce and McKinney, 2014; Rowan et
al., 2015). We classify nine glaciers from the sample as lacustrine terminating, where the glacier termini and
glacial lakes are actively linked. While both the Gyabrag and Rongbuk glaciers are associated with a proglacial

lake we do not consider either as lacustrine terminating. In the case of the Gyabrag Glacier the ice is now
separated from the lake by a large outwash plain. In the case of the Rongbuk Glacier, the lake is supraglacial

10  and far up-glacier from its terminal region and thus does not currently influence the recession of the terminus of
the glacier. The expanding Spillway Lake at the terminus of Ngozumpa Glacier (Thompson et al., 2012) is
currently of limited depth, and is unlikely to affect glacier dynamics in its current state so we also exclude the

Ngozumpa from the lacustrine terminating category.
3.3 DEM correction
15 3.3.1 Stereoscopic DEMs

We followed the three-step correction process of Nuth and Kadb (2011), through which biases inherent in
stereoscopic DEMs can be corrected. We assessed and corrected where necessary for: (i) mismatch in the geo-
location of the modern DEMs versus the reference SRTM dataset (in X, y, and z direction); (ii) the existence of
an elevation dependant bias, and; (iii) biases related to the acquisition geometry of the data. Each step was taken

20 individually, so that separate error terms could be understood, rather than bundling them together as multiple
regression based adjustments as previous studies have done, such as Racoviteanu et al. (2008) and Peduzzi et al
(2010), for example. Corrections applied to DEMs where any one of the three biases were present included
shifting of DEM corner coordinates, simple vertical shifting through addition or subtraction, and the fitting of
linear and polynomial trends depending on the spatial variability of elevation differences across DEMs and

25 through their elevation ranges. The largest shifts (tens of metres) were required in the z-direction to account for
height above ellipsoid versus height above geoid differences between ASTER and SETSM DEMs and the
SRTM DEM. Acquisition geometry related biases were detected in two SETSM strips (Table 3) and both
ASTER scenes and were corrected for using first order trends taken along or cross the satellite track.

6
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3.3.2 SRTM DEM correction

Some studies have suggested that the SRTM dataset may underestimate glacier surface elevations because of C-
band radar wave penetration into snow and ice (Rignot et al., 2001). Gardelle et al. (2013) assessed the
magnitude of C-band penetration over various test sites in the Himalaya, finding variable bias across different
regions, from 3.4 m in the Karakoram, to 1.4 m in the Everest region. Due to the spatially variable snowpack
conditions present across glaciers and glacier clusters at any point in time, and the paucity of data available on
such conditions (Kéadb et al., 2015), radar penetration corrections are rarely applied to interferometric DEMs
(Nuth and Kaab, 2011). For these reasons we accounted for a potential 1.4 m bias in our SRTM data (after

Gardelle et al., 2013) by adding 0.1 m a* to our estimates of uncertainty.

Berthier et al. (2006) suggested that the extreme topography present in mountain regions is poorly replicated in
coarse-resolution DEMs such as the SRTM DEM. Different studies have applied positive or negative
corrections to the SRTM DEM (Berthier et al., 2007; Larsen et al., 2007), depending on the severity of the
terrain at their respective study sites. Inspection of DEM differences across the study site showed no clear
relationship between elevation differences and altitude (see supplementary information), thus no elevation

dependant correction was applied to the SRTM data.

3.4 DEM differencing uncertainty

The co-registered DEMs were differenced to yield surface elevation change and outlying values greater than +

60 m were filtered from the resulting data.

To understand the uncertainty associated with surface elevation change, we calculated the standard error of the
mean elevation change (Gardelle et al., 2013). Using the standard deviation of stable terrain differences alone as
an estimate of uncertainty is insufficient because this value would contain both noise and real topographic
change (Bolch et al., 2011; Gardelle et al., 2013), and is averaged over larger areas (Berthier et al., 2010). The

approach of Bolch et al. (2011) was followed here. The standard error (SE) can be calculated through:

SE = StDeV stable (1)

N Ndiff
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Where StDev stable is the standard deviation of stable terrain differences and n diff is the number of pixels
included in DEM differencing. n diff is less than the total number of pixels in the original DEMs, and must also

consider pixel size and spatial autocorrelation. n diff was calculated following Gardelle et al. (2013) using:

Ngiff = Neot . PS ( 2 )

5 2d

Where ntot is total pixel count of the original DEM, PS is pixel size (30 m) and d is the distance of spatial
autocorrelation, a measure of how similar local objects are, for the SETSM and ASTER DEMSs. 160m and 600
m, or 20 pixels, was used here as in Bolch et al. (2011). Elevation change uncertainty was then estimated using

SE and the mean elevation differences (MED) over stable, non-glacier areas:

10 e =y SE? + MED? (3)

While we appreciate this approach does not provide an entirely independent estimate of uncertainty, and
additionally combines both random and systematic errors, in the absence of ground control data we take it to be
the best available measure. The resulting uncertainty estimates of surface elevation change for each DEM
against the SRTM dataset over the study period are listed in Table 3. Values of standard deviation are in line
15 with other studies (e.g. Berthier et al., 2006; Bolch et al., 2011) and are typical of DEM differencing studies
over rough topography (Kéab, 2005). Our estimates of standard error are generally small, and all lower than the

annual surface lowering rates over glacier surfaces (Table 3).

35 Hypsometric analysis
Glacier hypsometry, the distribution of glacier area over altitude, is governed by valley shape, relief and ice
20 volume distribution (Jiskoot et al., 2009). It is important for long-term glacier response because it defines the
distribution of mass with elevation and thus determines how the glacier responds to changes in elevation-
dependent temperature (Furbish and Andrews, 1984). To assess glacier hypsometry, we used pan-sharpened
Landsat ETM+ and Landsat OLI scenes from the same two time periods as the two DEM sets (Table 1) and,
where necessary, modified the Randolph Glacier Inventory (RGI) to create glacier outlines from the different
25  epochs. We split these glacier extents into segments covering 100 m elevation ranges, and calculated the area of
each segment. To assess the overall area change of each glacier, we compared the undivided, total area of
digitised glacier outlines from each epoch. We followed the approach of Jiskoot et al. (2009) to categorise each

glacier or the population of glaciers in each catchment according to a hypsometric index (HI), where:
8
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HI = (Hrnax - Hmed) ( 4 )

(Hmed - Hmin)

and Hmax and Hmin are the maximum and minimum elevations of the glacier, and Hred the elevation that divides
the glacier area in half (Jiskoot et al., 2009). Glaciers were grouped into five HI categories: 1- HI < -1.5, very
5 top heavy; 2- HI -1.2 to 1.5, top heavy; 3- HI 1.2 to 1.2, equidimensional; 4- HI 1.2 to 1.5, bottom heavy; and
5- HI > 1.5, very bottom heavy. Top heavy glaciers store more ice at higher elevation, for example in broad

accumulation zones, whereas bottom heavy glaciers have small accumulation zones and long tongues.
3.6 Mass loss calculations

We did not generate mass balance estimates because of the incomplete coverage of DEMs over the high-
10 elevation accumulation areas of a number of glaciers, mainly due to data voids in the SRTM DEM. Instead, we
estimated mass loss from the ablation zones of the 32 glaciers to allow comparison between different
catchments and between land- and lacustrine-terminating glaciers. As in previous mass loss studies in the
Himalaya (Bolch et al., 2011; Gardelle et al., 2013) a conversion factor of 900 kg m was used to account for
the density of glacier ice for all glaciers in the sample. We assigned an additional 7 % to mass loss uncertainty
15 estimates to account for error in the density conversion (Huss, 2013). The mass loss estimates generated for
lacustrine terminating glaciers are slight underestimates because, with no information available on bed
topography, we cannot account for ice that has been replaced by water during lake expansion. Surface lowering

and mass loss rates for these glaciers have been measured from 2014/2015 calving fronts as a result.

4, Results

20 4.1 Surface lowering

There is considerable variability in the mean surface lowering rates across each catchment, in the surface
lowering rates of adjacent glaciers within catchments (Figures 3 and 4), and through the altitudinal range of
highlighted glaciers (Figures 5 and 6). Catchment-wide surface lowering rates are contrasting on the northern
and southern flank of the Himalaya. Mean glacier surface lowering rates in the Tama Koshi and Dudh Koshi
25 catchments were 0.80 + 0.35 m a* and 0.62 + 0.37 m a™* over their ablation zones. The ablation zones of glaciers

flowing onto the Tibetan Plateau lowered by 0.95 + 0.30 m a* on average (Table 4).
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The presence of a glacial lake altered the gradient of surface lowering over glacier surfaces. Mass loss rates
increased down glacier on highlighted lacustrine terminating glaciers, whereas surface lowering was negligible
around the terminus of most land terminating glaciers. Only in the Tama Koshi catchment, where glacial lakes

are largest, is there a clear contrast in the surface lowering rates seen on lacustrine terminating versus land

5 terminating glaciers (Table 4). The ablation zones of land terminating glaciers in the Tama Koshi lowered by
0.47 £ 0.18 to 0.72 + 0.54 m a%; the mean surface lowering rate was 0.56 + 0.29 m a*. Surface lowering rates
ranged between 0.78 + 0.66 and 1.55 + 0.26 m a® on lacustrine terminating glaciers in the Tama Koshi
catchment; the mean surface lowering rate was 1.10 + 0.43 m a. The surface lowering rates of lacustrine
terminating and land terminating glaciers are broadly similar in the Dudh Koshi catchment and on the Tibetan

10 Plateau (Table 4). Surface lowering rates ranged between 0.31 + 0.26 and 0.84 + 0.16 m a’* on land terminating
glaciers in the Dudh Koshi catchment; the mean surface lowering rate was 0.60 + 0.27 m a (Table 4). The
mean surface lowering rate of lacustrine terminating glaciers in the Dudh Koshi catchment was 0.66 + 0.27 m a°

L. The surfaces of land terminating, debris-covered glaciers flowing onto the Tibetan Plateau lowered by 0.64 +

0.16 to 1.31 + 0.18 m a’%; the mean was 0.96 + 0.32 m a. This lowering rate is 60 % and 71 % greater than the

15 mean lowering rate of land-terminating glaciers in the Dudh Koshi and Tama Koshi catchments.

The altitude at which maximum surface lowering rates occurred again seems to depend on glacier terminus type
(Figures 5 and 6). Across all three catchments, substantial mass loss was pervasive over the middle portions of
larger, land terminating glaciers (Figure 2). In the Dudh Koshi, surface lowering rates are at their highest (1.01 +
0.27 m al) around 5300 m a.s.l., although similar surface lowering rates occurred between 5100 and 5300 m
20 a.s.I (Figure 5). In the Tama Koshi the highest rates of surface lowering (0.85 + 0.35 m a) occurred at around
5300 m a.s.l, with similar surface lowering rates occurring between 5000 and 5300 m a.s.l (Figure 5). On the
Tibetan Plateau, the highest surface lowering rates were almost double those of the Tama Koshi or Dudh Koshi
catchments. These rates occurred at ~ 5300 m a.s.l.; the mean glacier surface lowering rate was 1.68 + 0.30 m &
L. Surface lowering rates over glaciers on the Tibetan Plateau were higher than those in the Tama and Dudh
25 Koshi catchments up to 5800 m a.s.l. (1.03 + 0.30 m a). Of note is the high surface lowering rates over clean
ice areas high up on glaciers such as the Ngozumpa, Rongbuk, Gyabrag and Bhote Kosi (Figure 2). Surface
lowering extended into tributary branches and the cirques of these largest glaciers. Individual glaciers showed

much greater surface lowering rates, particularly on the Tibetan Plateau. The surface of the Gyabrag glacier

10
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lowered by an exceptional 3.40 + 0.26 m a™* between 5300 and 5400 m a.s.l (Figure 5) with a mean rate of 1.22

+0.26 m a* over the entire ablation area.

The terminus areas of lacustrine terminating glaciers lowered at a higher rate than all other glaciers across the
Tama Koshi or Dudh Koshi catchments. The Yanong glacier in the Tama Koshi catchment shows the highest
5  surface lowering rate (3.78 + 0.26 m al) near its terminus over the study period. Between 4600 m and 5000 m
a.s.l., mean surface lowering rates of between 2.04 + 0.34 m a occurred on lacustrine terminating glaciers
(Figure 6) compared to an average of 0.48 + 0.29 m a* for land terminating glaciers over the same altitudinal

range from the same catchments.

The lowest surface lowering rates have occurred over debris-free glaciers at high altitude (5600 — 6200 m a.s.l)

10  onthe Tibetan plateau. The mean surface lowering rate over these glaciers was 0.49 + 0.42 m a® (Table 4).
4.2 Glacier area changes and hypsometry
4.2.1 Total area changes

Two different scenarios of ice area loss occurred over the study area during the last 15 years. Lacustrine
terminating glaciers and clean ice glaciers all lost ice around their termini/ calving fronts (Figures 3 and 4) as
15  glacial lakes expanded and termini retreated. On average, lacustrine terminating glaciers each lost 0.54 km? of
ice over the 15 year study period. Drogpa Nagtsang reduced in size by 2.37 km? (9.12 % of its total area: Table
5) as the associated rapidly-forming lake expanded. ‘Clean ice’ glaciers lost 0.09 km? of ice (1.31 %) on

average.

Land terminating glaciers in the Tama Koshi and Dudh Koshi catchments lost little area (0.14 km? and 0.09 km?
20  on average, respectively) as their surfaces lowered rather than their termini retreating. Over these glaciers, any
ice area loss was concentrated up-glacier, where their lateral margins dropped down inner moraine slopes and
glacier tongues narrowed slightly. Glaciers flowing onto the Tibetan Plateau, whose surfaces lowered at the
fastest rate over the study period, showed greater area loss, again mainly at their lateral margins. The total area

of the Gyabrag glacier (Figure 3) reduced by 1.17 km? (3.32 %) over the study period.

25 4.2.2 Glacier hypsometry

11
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The distribution of ice with elevation varies widely among the three studied catchments. Glaciers of the Dudh

Koshi catchment and on the Tibetan Plateau are typically very bottom heavy, with average HI scores of 2.63 and

2.34, respectively (Table 5). Glacier hypsometry is concentrated between 4800 and 5500 m (Figure 5) for the

Dudh Koshi catchment, and between 5600 and 6500 m on the Tibetan Plateau. Notable exceptions are the

5 Khumbu and Ngozumpa Glaciers which store ice in broad accumulations zones above 7000 m (Tables 2 and 4).
The majority of glaciers in the Tama Koshi have an equi-dimensional hypsometry (mean HI of 1.14), with most

ice stored between 5300 and 5800 m. Glaciers in the Tama Koshi have broader accumulation basins than in the

Dudh Koshi catchment, and main glacier tongues are formed of multiple, smaller tributaries flowing from higher
altitude in a number of cases (Figure 1). The mean hypsometry (Figure 6) of lacustrine terminating glaciers

10  shows no distinctive morphology as the sample is composed of glaciers from all three catchments in the study

area.
4.2.3 Approximate equilibrium line altitudes

The altitude at which surface lowering curves approach zero is a good indicator of the ELA of glaciers over a
given study period (Nuth et al., 2007). Table 5 shows approximate ELAs for the glaciers in our sample. Using
15  those ELAs the accumulation area ratio (AAR) (Dyurgerov et al., 2009) can be estimated for each glacier and
this is a parameter strongly related to long-term mass balance (K6nig et al., 2014). The ELAs of the glaciers we
have surveyed in the Dudh Koshi catchment are above the altitudinal range within which 63 % of ice is stored in
the catchment. In the Tama Koshi catchment, ELAs are higher than 64 % of glacierised area. Across the sample
of Tibetan plateau glaciers, the highly variable ELAs are higher than 60 % of the glacierised area, excluding

20  those we categorised as ‘clean ice’ glaciers.
5. Discussion
5.1 Variability in rates of ice loss across the orographic divide

The mean surface lowering rates measured over the ablation area of glaciers flowing northward onto the Tibetan
Plateau, excluding those we classify as clean ice, are 54 % and 19 % greater than those for glaciers flowing
25 southward into the Dudh Koshi and Tama Koshi catchments (Table 4), suggesting an additional or amplified
process driving glacier change on the northern flank of the Himalaya. Maximum surface lowering rates (Figure

5) show an even greater divergence between these northward and southward-flowing glaciers. In this section we
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discuss possible topographic and climatic drivers of the difference in the rates of mass loss across the range

divide.

The Indian summer monsoon delivers extremely large amounts of precipitation to the Everest region of Nepal,
resulting in high glacier sensitivity to temperature (Rupper et al., 2012). The extreme topography in this region

5  and the location of the orographic divide perpendicular to the prevailing monsoon result in rainfall peaks that are
offset from the maximum elevations, with greatest rainfall occurring to the south of the divide and decreasing to

the north across the Everest region (Bookhagen and Burbank, 2010). Around 449 mm a of rainfall falls at the
Pyramid research station (5000 m a.s.l.) at Khumbu Glacier (Salerno et al., 2015), whereas to the north at Dingri

on the Tibetan Plateau (4300 m a.s.l.), 263 + 84.3 mm a* of rainfall occurs annually (Yang et al., 2011).

10  Snowfall may follow a similar across-range gradient to rainfall, although falling snow may be carried further
into the range by prevailing winds from the south. However, no reliable measurements of snowfall exist in this

region with which to compare these trends. The north-south precipitation gradient across the orographic divide
promotes differences in the response of these glaciers to climate change, such that those to the north are
relatively starved of snow accumulation (Owen et al., 2009) and exposed to greater incoming radiative fluxes

15  under generally clearer skies. Therefore, as a result of the orographic precipitation gradient, those glaciers on the
Tibetan Plateau are likely to have experienced sustained mass loss at greater rates than those glaciers to the

south as temperatures have increased during the last century.

During the period of this study (2000-2015), mean annual air temperatures have increased and rainfall amounts
appear to have decreased in the Everest region (Salerno et al., 2015). At the Pyramid Observatory at Khumbu
20  Glacier in the Dudh Koshi catchment, increases in minimum (+0.07 °C/a), maximum (+0.009 °C/a) and mean
(+0.044 °C/a) annual air temperatures above 5000 m a.s.l. were observed between 1994 and 2013 (Salerno et al.,
2015). At Dingri on the Tibetan Plateau 60 km northeast of Mt. Everest, increases in minimum (+0.037 °C/a),
maximum (+0.041 °C/a) and mean (+0.037 °C/a) annual air temperatures occurred over the same period
(Salerno et al., 2015). Yang et al. (2011) found a clear relationship between increasing temperatures over time at
25 Tingri and at temporary (operational between May 2007 and August 2008) weather stations on the Rongbuk and
East Rongbuk glaciers, and suggest that the increases in temperature at Tingri have been replicated at glacierised
altitudes. Snow accumulation appears to have recently decreased across the Everest region; Thakuri et al. (2014)
showed a rapid ascent of the snow-line altitude in the Dudh Koshi between 1962 and 2011, and Kaspari et al.

(2008) showed decreasing accumulation in the East Rongbuk Glacier Col (6518 m a.s.l.) since the 1970s.
13
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Khadka et al. (2014) suggest declining snow cover over the winter and spring months in the glacierised
altitudinal ranges of the Tama Koshi catchment, between 2000 and 2009; a factor that may influence
accumulation rates. These changes in air temperature and snowfall amount are likely to enhance glacier mass

loss across the range in future.
5 5.2 The influence of glacial lakes on mass loss

The surface lowering rates we derive (Table 4) are comparable with those of other studies that have undertaken
DEM differencing in different parts of our study area (Bolch et al., 2011; Nuimura et al., 2012; Gardelle et al.,
2013). Nuimura et al. (2012) measured surface lowering rates of 0.87 m a over glacier surfaces of low slope
(<5 degrees) in part of the Dudh Koshi catchment, between 1992 and 2008. Bolch et al. (2011) generated a
10 lengthy time series of DEMs covering Khumbu Glacier, and estimated a surface lowering rate of 0.79 m a’* over
the ablation area between 2002 and 2007. Over the same area and over an extended time period, we measured
lowering rates of 0.84 m a, suggesting an increase in the rate of ice loss. Gardelle et al. (2013) estimated
surface lowering rates over debris-covered areas of 0.97 m a* and over “clean ice’ areas of 0.57 m a* for the

period 1999 to 2011 across the Dudh Koshi catchment.

15 Only Nuimura et al. (2012) have directly compared surface lowering rates of lacustrine and land terminating
glaciers in the study area, showing faster surface lowering rates over Imja and Lumding glaciers in the Dudh
Koshi catchment. Our data confirm that lacustrine terminating glaciers can indeed thin at a much faster rate than
land terminating glaciers, but the variability in the surface lowering rates over the 9 glaciers (Figure 6) we
highlight suggests the fastest thinning rates occur in the later stages of lake development. Glaciers such as the
20 Yanong and Yanong North, in the Tama Koshi catchment, sit behind large proglacial lakes and have shown
extremely high surface lowering rates (3 m a™ or more over their lower reaches). These glaciers are now
relatively small and steep and no longer possess a debris-covered tongue, and so may represent the end-product
of debris-covered glacier wastage described by Benn et al. (2012). In contrast, glaciers such as Duiya or
Longmojian, on the Tibetan Plateau, currently have only small lakes at their termini, showed moderate area
25 losses (0.44 and 0.5 km?, or 4.28 and 2.07 % of total area, respectively) and surface lowering rates (1to 2 ma™).
Continued thinning of the terminal regions of these glaciers would lead to a reduction in effective pressure, an
increase in longitudinal strain and therefore flow acceleration (Benn et al., 2007). The retreat of the calving front

up-valley into deeper bed topography may also increase calving rates (Benn et al., 2007), and a combination of

14



The Cryosphere Discuss., doi:10.5194/tc-2016-99, 2016

Manuscript under review for journal The Cryosphere The Cryosphere
Published: 23 May 2016 Discussions
(© Author(s) 2016. CC-BY 3.0 License.

both of these processes would lead to enhanced ice loss. Very little surface velocity data exist for lacustrine
terminating debris-covered glaciers. Only Quincey et al. (2009) measured high surface velocities (25 m/a* or
more) over the Yanong glacier (their Figure 4, panel D), suggesting it is possible for lacustrine terminating

glaciers to become more dynamic in the later stages of lake development in the Himalaya.

5 In exception, the surface lowering rates seen over Imja glacier (0.84 + 0.51 m a* over the ablation area) are
comparable with land-terminating glaciers close by (e.g. Lhotse 0.66 + 0.51 m a*, Khumbu 0.84 + 0.16 m a%),
despite the presence of Imja Tsho at its terminus (Fujita et al., 2009). Somon-Valenzuala et al. (2014) show the
presence of an ice foot below the calving front of Imja Tsho that may act to stabilise the calving front and limit
ice loss. Somon-Valenzuala et al. (2014) also show an increase in the rate of lake expansion between 1992 and

10 2012, and an increase in the rate of surface lowering of glaciers in the region has previously been suggested

(Bolch et al., 2011; Nuimura et al., 2012), thus Imja Tsho may be primed for further expansion.
5.3 Glacier stagnation

The pervasive nature of the heterogeneous pattern of surface lowering associated with ice cliff and melt pond
development (Pellicciotti et al., 2015) over the lower reaches of a number of the larger glaciers we highlight
15 (Figure 2) would suggest widespread stagnation of glacier tongues in our study area. Watson et al. (2016) have
documented an increasing number and total area of supraglacial melt ponds over a number of glaciers in the
Dudh Koshi catchment (Khumbu, Ngozumpa, Lhotse, Imja and Ama Dablam), since the early 2000’s. We note
a similar surface lowering pattern to that shown by Pellicciotti et al. (2015) on glaciers in the Langtang region
over glaciers assessed by Watson et al. (2016), as well as over the Erbu, Gyachung, Jiuda, Shalong, and G1
20  glaciers (Figure 2). Similarly, Quincey et al. (2009) identified a number of glaciers with stagnant tongues in the
Dudh Koshi catchment, and we would suggest a similar scenario for the glaciers listed above in the Tama Koshi

catchment and on the Tibetan Plateau.
5.4 Susceptibility of glaciers to future mass loss
5.4.1 ELA ascent in response to warming

25 The coincidence of maximum surface lowering rates with the altitude of maximum hypsometry in the Dudh
Koshi catchment (Figure 5) means a large amount of ice is readily available to sustain mass loss rates here.

Surface lowering maxima in the Tama Koshi catchment presently occur at a slightly lower elevation range than

15
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the main hypsometric concentration, and across lower reaches of glacier tongues on the Tibetan Plateau, so
glaciers in these catchments would be highly susceptible to accelerated ice loss should ELAs rise, albeit by

varying amounts given the different altitudinal ranges of glaciers across the Himalayan range.

Our ELAs are above those estimated by Asahi (2001) and Kéab et al. (2012) for earlier epochs and similar to
5  those estimated by Gardelle et al. (2013) over a similar study period to ours, suggesting that ELAs have indeed
risen over recent decades. Considering lapse rates of 8.5 °C/km (Kattel et al., 2015) and 5.4 °C/km (Immerzeel
et al., 2014) for catchments on the Northern and Southern slopes of the range, respectively, it is possible to
estimate the elevation of ELAs given certain magnitudes of future warming. The Himalaya is expected to see
0.9 to 2.3 °C of warming up to the year 2100 (Collins et al., 2013), and we recalculate our ELAs for these upper

10 and lower estimates.

Such temperature increases would cause a rise in ELA of between 165 and 425 m in the Dudh and Tama Koshi
catchments, and between 107 and 270 m of ELA ascent over glaciers on the Tibetan Plateau. Catchment-
averaged ELAs given 0.9 °C or 2.3 °C of warming are marked on Figure 4. A rise in ELAs would most
significantly affect the Tama Koshi catchment glaciers, with 75 % and 95 % of glacier area being situated below
15  the ELA given 0.9 °C and 2.3 °C of warming, respectively. This change in glacier area below the ELA isa 17 %
or a 50 % increase compared with the current AAR. The more equidimensional hypsometry of Tama Koshi
glaciers would mean exposure of greater glacier areas to ablation as ELAs rise through the large accumulation
areas. The greater altitudinal range and smaller, avalanche fed accumulation zones of glaciers in the Dudh Koshi
catchment and on the Tibetan Plateau would dampen the effects of a rise in ELA on glacier mass balance.
20 Between 74 % and 81 % (a 19 % or 30 % increase, respectively) of glacier area would be below ELA in the
Dudh Koshi, and between 68 % and 82 % on the Tibetan Plateau (14 % to 37 % increase) if the study area
experienced such temperature increases, and thus we would expect particularly accelerated mass loss from

glaciers in the Tama Koshi catchment.
5.4.2 Comparison with a conceptual model of glacier wastage

25 Benn et al. (2012) presented a conceptual model of Himalayan glacier wastage composed of three distinct
process regimes each operating given certain climatic states. They suggested that transitions between these three

process regimes marked major thresholds in glacier response to climatic forcing. By comparing the results from
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this study with the conceptual model of Benn et al. (2012), it is possible to identify at which stage of recession

our highlighted glaciers, and which processes will drive glacier melt in the near future.

Figure 7 shows a comparison of the surface lowering curves we derive for the three major catchments in the
study area, along with the 9 lacustrine terminating glaciers, and the conceptual mass balance curves proposed by
5 Benn et al. (2012). There is a clear resemblance of the mean surface lowering curves generated for land-
terminating glaciers in the three catchments of our study area and the mass balance curve of regime 2 outlined
by Benn et al. (2012). The ablation gradients shown by lacustrine terminating glaciers are also very similar to
regime 3 of Benn et al. (2012). Regime 2 is typified by accelerating ice loss and distributed water storage, and

regime 3 is dominated by calving retreat and high amounts of water storage, according to Benn et al. (2012).

10  The transition of glaciers from regime 2 to regime 3 depends on the margins of a glacier being ‘decoupled’,
specifically when the supply of supraglacial or englacial sediment at a glaciers margin is greater than the
sediment transport capacity of meltstreams (Benn et al., 2003), and a large moraine dam is free to develop. The
presence of such a moraine dam allows the formation of base level lakes and large scale calving events to occur,
which is the main mechanism of ice loss in regime 3 of the Benn et al. (2012) model. Many of the glaciers we

15 highlight possess a large terminal moraine and long, low surface gradient tongues, and thus seem primed for the
transition from regime 2 to regime 3. We would expect an increase in mass loss rates of the lacustrine

terminating glaciers that we highlight following the transition of glaciers from regime 2 to regime 3.
6 Conclusions

DEM differencing has revealed substantial mass loss from the ablation zones of many large, debris-covered
20 glaciers in the central Himalaya over the last 15 years. Surface lowering in debris free areas of glacier tongues
and over areas where ice cliffs are abundant has indicated decreased ice influx from accumulation zones and
stagnation of the lower reaches of many large glaciers. Contrasting rates of surface lowering were observed in
three different catchments around the Everest region. On the southern flank of the Himalaya, in the Tama Koshi
and Dudh Koshi catchments, glacier surfaces lowered by 0.80 + 0.35 m a* and 0.62 + 0.37 m a* on average
25 over their ablation zones. The ablation zones of glaciers flowing onto the Tibetan Plateau lowered by a mean of
0.95 + 0.30 m a’. We suggest that the across-range contrast in annual precipitation total may have caused
greater ice loss on the north flowing glaciers. The highest surface lowering rates we recorded were over the
lower reaches of lacustrine terminating glaciers, reaching ~3.78 m a* on the Yanong North glacier. Mean
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surface lowering rates of all lacustrine terminating glaciers in our sample were 0.91 + 0.33 m a%, ranging from
0.54 + 0.31 to 1.55 + 0.26 m a’. The variability in the rates of mass loss from lacustrine terminating glaciers
suggests that glacial lakes in the region are at different stages of expansion, and that accelerating mass loss is

likely from several of these glaciers.

5  Glaciers of the Tama Koshi catchment have an equidimensional hypsometry and presently store large amounts
of ice in broad accumulation zones. In contrast, glaciers in the Dudh Koshi and on the Tibetan Plateau are
hypsometrically very bottom-heavy. They also have a greater altitudinal range than glaciers in the Tama Koshi
catchment and thus have most ice stored in long, debris-covered tongues. In the Dudh Koshi catchment, the
altitude of surface lowering maxima over the last 15 years is coincident with the altitude of maximum

10 hypsometry. Thus a large area of ice is readily available for near-future ablation. A rise in ELA in response to
predicted air temperature warming may cause a similar, though slightly less pronounced, scenario in the Tama

Koshi catchment and on the Tibetan Plateau.

The ablation patterns and gradients found in this study support a model of three distinct process regimes
proposed by Benn et al. (2012). All of the debris-covered glaciers that we have highlighted show evidence of the
15  ablation processes in regimes 2 and 3 of the conceptual model of Benn et al. (2012). Mass loss rates will
accelerate in the near future on glaciers that are presently with supraglacial lakes or small proglacial lakes, such
as Drogpa Nagtsang, Duiya or Longmojian. Lake expansion over deeper bed topography will promote full depth
calving and enhance ice loss on these glaciers. Glaciers showing signs of lake development, such as Ngozumpa,
will lose more mass once their surfaces lower to the level of the base of their damming moraine, the drainage of
20  ponded water is inhibited, and calving rates increase. Catchment wide ice mass loss rates will increase
particularly rapidly when any rise in ELA coincides with the altitude of maximum surface lowering and the peak

glacier hypsometry.
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Table 1. Scenes used in glacier outline delineation, ASTER DEM generation and by the Polar Geospatial Centre

in the generation of SETSM DEMs.

Sensor Scene ID Date of Purpose
acquisition

Landsat OLI LC81400412014334LGNO00 30/11/2014 Glacier outlines
Landsat ETM+  LE71390412000302SGS00 29/10/2000 Glacier outlines
ASTER L1A.003:2014050545 29/11/2014  ASTER DEM
ASTER L1A.003:2014045939 12/04/2014 ASTER DEM
Worldview 3 WV03_20150121_10400100076C0700 21/01/2015 SETSM DEM
Worldview 1 WV01_20150504_102001003C5FB900 04/05/2015 SETSM DEM
Worldview 1 WV01_20140115_102001002A289F00 15/01/2014 SETSM DEM
Worldview 2 WV02_20140311_103001002E546F00 11/03/2014 SETSM DEM
Worldview 1 WV01_20140324_102001002D263400 24/03/2014 SETSM DEM
Worldview 1 WV01_20150204_102001003A5B7900 04/02/2015 SETSM DEM
Worldview 2 WV02_20150202_103001003D4C7900 02/02/2015 SETSM DEM
Worldview 1 WV01_20140218_102001002C5FA100 18/02/2014 SETSM DEM
Worldview 1 WV01_20141022_102001003525D400 22/10/2014 SETSM DEM
Worldview 1 WV01_20150131_1020010038618500 31/01/2015 SETSM DEM
Worldview 2 WV02_20141226_103001001D66C000 26/12/2014 SETSM DEM
Worldview 2 WV02_20141110_1030010039013C00 10/11/2014 SETSM DEM
Worldview 1 WV01_20141129 102001002776B500 29/11/2014 SETSM DEM
Worldview 1 WV01_20140514_102001003001E400 14/05/2014 SETSM DEM
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Table 2. Glaciers highlighted in the study. Data on glacier area and altitudinal range are taken from the GLIMS

database. Glacier length is measured along centrelines from the bergschrund. Catchment notation: TK- Tama

Koshi; DK- Dudh Koshi; TP- Tibetan Plateau; TP clean (surface debris-free) glaciers on the Tibetan Plateau.

Altitude (m)
GLIMS ID Name Lengt Area  Min Max  Range Lake status Catchment
h (km?)
(km)
G086218E28282N  Bamolelingja 7.4 154 5013 6745 1732 No lake TK
G086280E28276N  G1 12.3 427 4778 7045 2467 No lake TK
G086550E28133N  Yanong 3.4 44 4984 6377 1393  Proglacial lake TK
G086548E28174N  Yanong North 3.2 4.1 5025 6524 1499  Proglacial lake TK
G086384E28259N  Erbu 10.9 258 5020 7130 2310 No lake TK
G086471E27959N  Drogpa 8.2 253 5018 7031 2013 Supraglacial TK
Nagtsang lake
G086537E27874N  Trakarding 17.7 354 4561 6659 2098  Proglacial lake TK
G086519E27919N  Ripimo Shar 10.3 19.7 4600 6683 2083 No lake TK
G086533E28088N  Shalong 7.9 184 5301 6835 1534 No lake TK
G086771E28015N  Ngozumpa 22.2 80.7 4686 8176 3490 Supraglacial DK
lake
G086949E27913N  Imja 6.5 153 5021 7998 2977 Supraglacial DK
lake
G086820E27978N  Khumbu 15.7 395 4915 8062 3147 Coalescing DK
ponds
G086625E28029N  Lumbsamba 9.1 125 4936 7258 2322 No lake DK
G086917E27925N  Lhotse 7.1 6.9 4821 6082 1261 No lake DK
G086541E27988N  Melung 6.5 7.6 5271 6028 757 No lake DK
G086587E28039N  Bhote Kosi 14.4 284 4793 6679 1886 No lake DK
G086900E27843N  Hungu 4.7 139 5207 6942 1735  Proglacial lake DK
G086900E27843N  Marala 29 139 5366 5920 554 Proglacial lake DK
G086798E28111N  Jiuda 10.1 159 5405 7801 2396 No lake TP
G086719E28132N  Gyachung 13.6 471 5309 7853 2544 No lake TP
G086939E28060N  Rongbuk East  10.9 26.7 5640 8361 2721 No lake TP
G086866E28050N  Rongbuk 19.5 732 5153 8758 3605 Supraglacial TP
lake
G086466E28321IN  Ayi 8.6 7.27 5313 6863 1550 Coalescing TP
ponds
G086456E28291N  Tibet 1 12.9 26.8 5138 7085 1947 Coalescing TP
ponds
G086633E28122N  Gyabrag 115 332 5095 8182 3087 No lake TP
G086235E28330N  Longmojian 4.5 9.3 5348 6788 1440  Proglacial lake TP
G086382E28331N  Duiya 9.3 225 5480 7201 1721  Proglacial lake TP
G086395E28347N  Duosangpuxi 5.5 7.7 5561 6992 1431 No lake TP clean
G086657E28179N  Siguang 5.2 5.8 5652 6866 1214 No lake TP clean
G086423E28367N  Duosangudon 6.3 8.8 5502 6925 1423 No lake TP clean
9
G086709E28242N  GO08 3.8 6.4 5726 6475 749 No lake TP clean
G086275E28322N  GO06 6.0 6.0 5545 6926 1381 No lake TP clean
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Table 3. Mean differences and the standard deviation associated with off-glacier elevation difference data

between ASTER, SETSM and SRTM DEMs before and after the DEM correction process. The standard error of

elevation differences is also listed.

Sensor ASTER scene ID Pre correction Post correction St.

mean & StDev mean & StDev error

stable ground stable ground (ma?)

differences Vs differences Vs

SRTM (m) SRTM (m)
ASTER L1A.003:2014050545 —64.12, 25.99 0.43,17.40 0.44
ASTER L1A.003:2014045939 —22.83, 34.72 -0.27, 23.18 0.32
SETSM tile

Worldview3 ~ WV03_20150121_10400100076C0700 -37.37,11.44 0.53, 8.44 0.56
Worldview1  WV01_20150504_102001003C5FB900 -40.77, 14.11 -0.43,5.53 0.44
Worldview 1 WV01_20140115_102001002A289F00 -32.76, 7.41 0.50, 6.60 0.50
Worldview 2 WV02_20140311_103001002E546F00 —44.13, 15.57 -0.13,9.13 0.21
Worldview 1 WV01_20140324_102001002D263400 -30.84, 8.56 0.07, 6.85 0.08
Worldview1  WV01_20150204_102001003A5B7900 -54.28, 18.09 -0.36, 8.30 0.38
Worldview 2~ WV02_20150202_103001003D4C7900 -34.00, 12.81 -0.03, 7.45 0.06
Worldview1  WV01_20140218 102001002C5FA100 -32.16, 9.78 -0.23,6.85 0.23
Worldview1  WV01_20141022_102001003525D400 -40.88, 14.81 0.36, 8.64 0.41
Worldview1  WV01_20150131_1020010038618500 -38.99, 22.37 -0.83,8.43 0.83
Worldview2 ~ WV02_20141110_1030010039013C00 -26.61, 7.70 0.07, 6.85 0.08
Worldview 1 WV01_20141129 102001002776B500 -34.06, 6.05 0.16, 4.99 0.16
Worldview1  WV01 20140514 102001003001E400 -32.33,9.17 -0.26, 6.54 0.26
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Table 4. Mean and maximum (across one, 100 m altitudinal band) surface lowering rates and estimates of mass

loss from below ELAs of glaciers included in the study. Bold text indicates lacustrine-terminating glaciers;

Glacier Mean SL rate (m Maximum SL rate Mean mass loss m Catchment
al) (mal) w.e. at
Bamolelingja -0.58 £0.33 -1.50 £ 0.33 -0.55+0.35 TK
Gl -0.47£0.18 -1.25+0.18 -0.40+0.18 TK
Yanong -155+0.26 -3.78+0.26 -1.48+0.35 TK
Yanong North -1.13+0.26 -3.06+0.26 -1.00+0.33 TK
Erbu -0.50+0.18 -0.73+0.18 -0.52+0.20 TK
Drogpa Nagtsang -0.78 £ 0.66 -1.91+0.66 -0.70 £ 0.67 TK
Trakarding -0.94 £ 0.54 -2.19+0.54 -0.84 £ 0.56 TK
Ripimo Shar -0.72 £ 0.54 -0.97 £ 0.54 -0.66 + 0.56 TK
Shalong -0.52+0.26 —-0.96 £ 0.26 -0.47 £0.27 TK
Mean -0.80+£0.36 -1.81+0.36 -0.73+0.39
Ngozumpa -0.64+0.48 -1.17+0.48 -0.62+0.49 DK
Imja -0.84+0.51 -1.62+0.51 -0.80+0.31 DK
Khumbu -0.84+0.16 -1.34+0.16 -0.81+0.17 DK
Lumbsamba -0.31+£0.26 -0.89 £0.26 -0.29+0.26 DK
Lhotse -0.66 £ 0.51 -0.99+0.51 -0.68+0.30 DK
Melung -0.40+0.42 -1.12+0.42 -0.40+0.28 DK
Bhote Kosi -0.72+0.42 -1.33+0.42 -0.67+0.29 DK
Hungu -0.54+0.31 -1.10+0.31 -0.50+0.29 DK
Marala -0.61+0.31 -2.24+0.31 -0.56 +£0.29 DK
Mean -0.62 +£0.27 -0.95+0.27 -0.57+0.33
Jiuda -0.64£0.16 -1.33+£0.16 -0.62+0.18 TP
Gyachung —0.66 + 0.54 -1.07 £ 0.54 -0.61 + 0.56 TP
Rongbuk East -1.04£0.26 —2.45%0.26 -0.98£0.32 TP
Rongbuk -1.31+0.18 -2.02+0.18 -1.30+0.24 TP
Ayi —0.68 £ 0.66 -1.45 £ 0.66 -0.53+£0.59 TP
Tibet 1 -1.17+0.18 -2.14+0.18 -1.36£0.30 TP
Gyabrag -1.22+0.26 -3.40+0.26 -1.21+0.32 TP
Longmojian -1.12+0.33 -2.53+0.33 -0.99£0.39 TP
Duiya -0.65+0.18 -1.45+0.18 -0.66 £ 0.22 TP
Mean -0.95+0.30 -1.98 £0.30 -0.92+0.36
Duosangpuxi -0.53+0.18 -1.30+£0.18 -0.52+0.21 TP-clean
Siguang -0.61£0.54 -1.06 £ 0.54 -0.59 £0.57 TP-clean
Duosangudong -0.31+0.66 -0.91+0.66 -0.32+0.67 TP-clean
G08 —-0.49 £ 0.54 -0.96 £ 0.54 —-0.47 £0.56 TP-clean
G06 -0.51+0.18 -0.98+£0.18 -0.49+0.19 TP-clean
Mean -0.49+0.42 -1.04 +£0.52 -0.47 +£0.44
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Table 5. Hypsometric Index (HI) scores and classification, accumulation area ratio (AAR) and total area loss for

each glacier included in the study. The ELA of the Lhotse and Melung glaciers are now above their altitudinal

ranges, thus AARs cannot be calculated. Catchments: TK- Tama Koshi; DK- Dudh Koshi; TP- Tibetan Plateau.

Lacustrine terminating glaciers are in bold; mean values are italicised.

Glacier HI HI classification AAR  Areachange Approximate Catchment

score (km? (% of ELA (m)

total))

Bamolelingja 0.91 Equidimensional 0.23 0.07 (0.44%) 5800 TK
Gl 1.45 Bottom heavy 0.35 0.49 (1.15%) 5900 TK
Yanong 0.94 Equidimensional 0.54 0.31 (6.33%0) 5500 TK
Yanong North 1.22 Equidimensional 0.54 0.16 (4.07%) 5500 TK
Erbu 1.15 Equidimensional 0.39 0.05 (0.24%) 5700 TK
Drogpa Nagtsang 1.18 Equidimensional 0.22 2.37 (9.12%) 5800 TK
Trakarding 0.69 Equidimensional 0.39 0.35 (0.98%0) 5800 TK
Ripimo Shar 0.98 Equidimensional 0.40  0.04 (0.20%) 5600 TK
Shalong 1.21 Bottom heavy 0.25  0.09 (0.45%) 5500 TK
Mean 1.14  Equidimensional 0.36  0.43 (2.55%) 5677
Ngozumpa 2.62 Very bottom heavy 0.61 0.13 (0.16%) 5700 DK
Imja 5.93 Very bottom heavy  0.34 0.5 (3.21%) 5600 DK
Khumbu 3.95 Very bottom heavy 0.59 0.06 (0.22%) 5800 DK
Lumbsamba 3.11  Very bottom heavy 0.32  0.02 (0.15%) 5800 DK
Lhotse 1.93 Very bottom heavy - 0 (0%) - DK
Melung 152 Very bottom heavy - 0.2 (2.55%) - DK
Bhote Kosi 2.36  Very bottom heavy 0.15 0.13(0.51%) 5700 DK
Hungu 1.69 Very bottom heavy  0.41 0.13 (1.53%) 5900 DK
Marala 0.56 Equidimensional 0.21 0.11 (2.2%) 5800 DK
Mean 2.63  Very bottom heavy 037 0.14 (1.17%) 5757
Jiuda 145  Bottom heavy 051  0.1(0.62%) 6300 TP
Gyachung 1.85 Very bottom heavy 0.34 0.06 (0.21%) 6300 TP
Rongbuk East 2.58 Very bottom heavy 0.61 0.8 (2.85%) 6400 TP
Rongbuk 3.25  Very bottom heavy 0.25 0.14(0.16%) 5900 TP
Ayi 3.00  Very bottom heavy 0.14  0.31(3.90%) 5900 TP
Tibet 1 2.80  Very bottom heavy 0.27 0.35 (1.38%) 5800 TP
Gyabrag 2.83  Very bottom heavy 053  1.17(3.32%) 5800 TP
Longmojian 3.09  Verybottomheavy 0.16  0.44 (4.28%) 5800 TP
Duiya 1.39 Bottom heavy 0.70 0.50 (2.07%) 6100 TP
Mean 2.47  Very bottom heavy 0.40 0.39 (1.91%) 6033
Duosangpuxi 1.23 Bottom heavy 029  0.16 (2.07%) 6100 TP clean
Siguang 1.03 Equidimensional 0.19  0.06 (1.03%) 6000 TP clean
Duosangpudong 1.19 Equidimensional 0.26 0.10 (1.13%) 6000 TP clean
G08 0.76  Top heavy 0.39  0.07 (1.09%) 6100 TP clean
G06 1.73  Very bottom heavy 0.31  0.08 (1.25%) 5900 TP clean
Mean 1.18 Equidimensional 0.29  0.09 (1.31%) 6020
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Figure 1. The glaciers of the Everest region. Named glaciers are the glaciers we highlight in this study. Major

5  catchments include the Tama Koshi and Dudh Koshi on the southern flank of the Himalaya and the Pumqu river
catchment on the northern side of the divide, with glaciers flowing onto the Tibetan Plateau (China). Named
glacial lakes are highlighted, although many remain unnamed.
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Figure 2. Glacier surface lowering over the study area between 2000 and 2014/15. Also shown is a summary of
off-glacier terrain differences.
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Figure 3. Examples of surface lowering and total area change over the study period on lacustrine terminating

glaciers. Semi-transparent, off-glacier differences are also shown.
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Figure 4. Further examples of surface lowering and total area change over the study period on lacustrine
terminating glaciers. Semi-transparent, off-glacier differences are also shown.
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Figure 5. Surface lowering and glacier hypsometry curves for all land terminating glaciers in the three different
catchments of the study area. Approximate equilibrium line altitudes (ELA) for the study period and for

5 different scenarios of warming (0.9 and 2.3 °C) are also shown.
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Figure 6. Surface lowering and glacier hypsometry curves for clean ice and lacustrine terminating glaciers in the

study area.
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Figure 7. A- Surface lowering curves for land terminating glaciers averaged across each catchment and for the
populations of clean ice and lacustrine terminating glaciers we highlight. B- Mass balance curves proposed by
Benn et al. (2012) to represent three distinct regimes of ice melt on debris-covered glaciers.
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